of isolated human retina samples complying with laser safety regulations for in vivo measurements,"
Introduction
Vision impairment is a frequently occurring condition in people over 50 years of age and experiences a steady increase in prevalence due to an aging society and population growth. 1 However, the World Health Organization states that around 81% of occurrences could be avoided if diagnosed and treated early. 2 Especially, retinal diseases such as diabetic retinopathy, glaucoma, and age-related macular degeneration (AMD) are leading causes of vision impairment in high-income countries. 3 Hence, new approaches in ophthalmology are aiming at early diagnosis of retinal alterations. Typical diagnostic methods in the clinical environment range from direct fundus examination, i.e., the rear inner eye surface, by ophthalmoscopy to highresolution optical imaging, to fluorescence-based angiography and optical coherence tomography (OCT). Nowadays, OCT is routinely used in ophthalmology, due to its three-dimensional sectioning of the retina, allowing evaluation of subtle morphological changes in the underlying structure. OCT tomograms are recorded using laser interferometry by measuring the path length difference of backscattered light, due to changes in the refractive indices of different sample constituents. OCT angiography is a functional extension of OCT, which improves the diagnostic results, since not only the typical structural features in an OCT image are recorded but also blood vessels and blood perfusion can be visualized. 4, 5 Recently, advances have been made to speed up in vivo volumetric OCT imaging for ophthalmic surgery 6 and to minimize aberration effects by applying adaptive optics during OCT measurements. 7 Although the aforementioned techniques provide highquality structural information, they either lack chemical information or require labeling, e.g. for fluorescein angiography. In the last decade, there have been extensive developments in molecular spectroscopy for biomedical applications. A method that has gained wide attention in this context is Raman spectroscopy, which provides molecular specific information of biological samples without the need for administering external markers. Based on inelastic scattering of monochromatic light at molecular bonds, vibrations unique for particular molecular structures and functionalities are excited. All excited Raman active molecular vibrations in the laser focus compose the detected Raman spectra, which allows for differentiating macromolecules, such as protein, nucleic acids, and lipids based on their intrinsic molecular signature. 8, 9 The combination of Raman spectroscopy with confocal microscopic imaging is well-suited for tissue and cellular imaging since a spatial resolution down to the diffraction limit can be achieved. Raman spectroscopy has been widely used for a range of biomedical applications for the detection and differentiation of cancer, infectious diseases, or cell-drug interactions. [10] [11] [12] Although previous studies have indicated that Raman spectroscopy has promising applications for ophthalmology, 13, 14 only a few studies have used Raman spectroscopy under nonresonant conditions with excitation wavelength at 633 nm or above, i.e., outside an electronic absorption of most biological materials. For example, different biomarkers have been identified for monitoring retinal inflammation, 15 and retinal changes occurring in glaucoma were investigated. 16 The combination of morphologically sensitive methods, such as OCT with Raman spectroscopy has been successfully demonstrated on various biological tissues [17] [18] [19] [20] and could have profound implications for ophthalmology. Initial combinations of those modalities have readily been performed on ex vivo porcine and human retina tissue. 21 The study showed that the key challenge for using nonresonant Raman spectroscopy in ophthalmology is the restriction of low excitation laser powers in accordance with safety regulations, leading to low signal intensities. Therefore, most studies focus on resonance Raman spectroscopy (RRS) using an excitation wavelength in the visible range below 633 nm. Here the Raman excitation wavelength is close to or coinciding with an excited electronic state of molecules in the sample, leading to an enhancement of the weak Raman signal. This significantly boosts the low intensity of the Raman signal and allows acquisition of Raman spectra with laser excitation intensities complying with common safety regulations. However, RRS leads only to an enhancement of modes, which are coupled to electronic chromophores, i.e., mainly probes pigments. In the case of the retina, these are carotenoids such as lutein and zeaxanthin. 22, 23 Due to their antioxidant nature, they are considered to play an important role for protecting the human eye against visual loss from AMD. 24 First in vivo RRS studies evaluated the macular carotenoid levels of these pigments based on individuals of different ages, 25 as well as AMD patients and healthy volunteers. 26 RRS was also used to investigate the delivery of lutein and zeaxanthin to the human retina by trans-scleral iontophoresis in an ex vivo study 27 and orally in an in vivo clinical trial study. 28 However, conflicting results have been reported on the diagnostic value of RRS for the determination of macular pigment levels when compared to the more established heterochromatic flicker photometry, 29, 30 leading to the conclusion that the two methods cannot be simply correlated and further research is needed. A major drawback of RRS turns out to be that the enhanced Raman bands dominate the spectral profile, significantly reducing information of many biological substances of interest, which do not contain chromophores. Due to these shortcomings, it would be highly desirable to use nonresonant Raman spectroscopy, because in contrast to RSS, it provides the entire molecular fingerprint, i.e., the lipid, protein, carbohydrates, carotenoids, and nucleic acid content of a sample. Thereby, a higher specificity and a greater diagnostic value would be achieved. Although it has been already demonstrated that nonresonant Raman spectroscopy is a promising method for studying the biochemical composition and disease related changes of ex vivo eye samples, [31] [32] [33] in vivo studies of the human retina have not yet been performed. The transition of Raman spectroscopy into the clinics is challenging especially for ophthalmology. Due to the use of a laser as an excitation source safety regulations have to be followed, e.g., the European DIN EN ISO 15004-2 (2007) and the US American ANSI Z136.1 norms. What should not be neglected is that the eye itself is an optical system with predefined parameters, which impairs the excitation and detection path for in vivo Raman spectroscopy of the retina.
In this contribution, we demonstrate to the best of our knowledge for the first time the applicability of nonresonant Raman spectroscopy on isolated ex vivo human retina complying with international laser safety regulations for the permissible excitation power. Furthermore, we are presenting an optical setup that mimics the optical parameters of the human eye and show in a proof of concept study that it is indeed possible to acquire nonresonant Raman spectra of retinas, providing access to the macromolecular content, such as proteins, lipids, and carotenoids. By performing OCT on the same samples, it is also possible to relate the molecular signatures to morphological information. Eyes were donated by two female and one male person, all in the age range between 86 and 91 years of age. Herein, the presented measurements were performed on a retina donated by an 89-year old male person diagnosed with Alzheimer's disease. Measurements of the two female donors were excluded due to disintegrated retinal layers most likely due to a relatively long period of time (20 h) between death and enucleation. The presented donor eyes were enucleated within 13 h after death at the Department of Anatomy of the Radboudumc and stored at −80°C. The samples were shipped to TNO Leiden and stored at −80°C until dissection. Eyes were carefully thawed in 4°C cold 1× PBS for the duration of 1 h and afterward transferred onto a gauze soaked in cold 1× PBS in a Petri dish. The cornea was removed by first making an incision at the limbus into the anterior chamber. Scissors were then inserted into the anterior chamber and circumferential cuts were made in the cornea, just anterior to the limbus, to remove the lens and iris. The eye was opened up by making four equally spaced cuts from the ciliary body toward the optic nerve head. The vitreous was removed and the retina was carefully lifted with forceps and placed on CaF 2 slides, where the retina was immediately frozen with dry ice. The whole isolation procedure was performed within about 10 min. Raman and OCT measurements were done on dissected en face retina of the posterior segment of the frozen eye.
Materials and Methods
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Raman Spectral Acquisition
To acquire Raman images of isolated en face human retina samples, a conventional confocal Raman microscope alpha300 R (WITec, Ulm, Germany) equipped with an Olympus 10× air objective [numerical aperture (NA) of 0.25] and a continuous wave diode laser providing an excitation wavelength of 785 nm (Toptica Photonics, Gräfelingen, Germany) was used.
The power was adjusted to 20 mW at the sample plane. An integration time of 5 s and a step size of 75 μm were chosen to record Raman images, after the retina sample dried under ambient conditions. With a 300 g/mm grating, the complete wavenumber region from 100 to 3300 cm −1 was recorded with a spectral resolution of around 6 cm −1 .
To advance toward in vivo-like measurement conditions, an in-house built Raman setup was designed and realized following the optical parameters of the eye. The setup was connected to a Princeton Instruments (PI, Trenton, New Jersey) LS-785 high-throughput lens spectrograph including a continuous wave diode laser FER785-MM from PI and equipped with a PIXIS back-illuminated deep depletion charge-coupled device (PIXIS100, PI) camera cooled to 213 K. The laser light is collimated by a plano-convex lens and passes a laser clean-up filter for blocking the in-fiber generated Raman signal. A 45-deg dichroic beamsplitter directs the laser light onto an achromatic lens, which focuses the excitation light onto the sample. The same objective lens is used for the collection of the generated Raman signal. After passing a single-notch filter, used to suppress the Rayleigh scattered light, the collected light is coupled into the detection fiber. The optical parameters of the fibers and lenses have been adapted to the optical components of the housed PI system and in order to achieve a spot size of 100 μm on the sample surface while having the NA of 0.147, corresponding to NA observed in the human eye. A neutral density filter was installed into the excitation path behind the optical fiber input, to reduce the laser power to 1 mW at the sample plane to comply with the laser power limitation for eye safety.
Raman Data Analysis
All data processing was performed in R 34 using as main packages hyperSpec 35 and cbmodels. 36 All spectra were cut to a wavenumber region between 400 and 3100 cm −1 and the wavenumber axes calibrated, using paracetamol as a reference. An extended multiplicative scatter correction (EMSC) algorithm implementing four background component spectra and one pure component spectrum was used as a baseline correction with prior interpolation to assimilate the wavenumber axes. The background components were an offset, a linear function, and two sets of fluorescence signals. All spectra were cleared from cosmic spikes by an in-house written algorithm. 37 Raman images recorded with the commercial WITec system were analyzed by a hierarchical cluster analysis (HCA) algorithm 38 using a Pearson distance calculation and Ward clustering algorithm providing cluster centroids that represent weighted average spectra for each cluster. 39 A quality control was performed to remove spectra with no relevant Raman information, i.e. too strong fluorescence background or positioned outside the sample. Raman spectra recorded with the in-house built setup were either plotted as raw data without any processing except wavenumber calibration or smoothed and baseline corrected as described above. For graphical representation, the spectra were normalized as indicated.
OCT Imaging
The OCT volume was recorded with a custom-built swept source OCT system with a central wavelength of 1050 nm and a bandwidth of 110 nm, resulting in an axial resolution of 4.5 μm in air. The implemented swept source AXSUN A1300467 provides an operating speed of 200 kHz and a measured sensitivity of 94 dB. For the image acquisition, a dual-balanced photodetector Exalos 1040392 with a digitizer Alazartech ATS9350 card is used. The two-dimensional scanning is performed with Cambridge technology scanners, offering a field of view of max. 40 deg. The illumination power was set to 1.2 mW, which is below the permissible exposure limit of the laser safety standards for in vivo ophthalmic imaging. The beam size is 1.4 mm and the last lens used a 30-mm achromatic lens (Thorlabs AC254-030-B), leading to a lateral resolution of max. 24 μm. Volumes are patches consisting of 400 × 800 × 400 pixel (x; y, and z). Image recording, reconstruction, and processing were performed using LabView and ImageJ.
Results
To test whether reliable nonresonant Raman spectra can be acquired from human retina samples confocal Raman imaging was performed on a conventional Raman microscope with an excitation wavelength of 785 nm and 20 mW laser power on the sample plane. Representative bright-field and Raman images of an isolated en face retina are shown in Figs. 1(a) and 1(b) , respectively. No significant structural features can be observed in the bright-field image [ Fig. 1(a) ] for hydrated retina. Due to long acquisition times, Raman imaging was performed after the retina dried under ambient conditions. The Raman spectra of the entire dataset in Fig. 1(b) are plotted as a mean spectrum with standard deviation in Fig. 1(c) . It is obvious that recording Raman spectra is challenging due to the simultaneous excitation of endogenic fluorophores within the retina or the retinal pigment epithelium, which is located in close proximity beneath the retina. Autofluorescence leads to an intense, broad background in the spectra, causing a low signal-to-noise ratio for Raman bands. Although the background is high, small contributions of typical protein and lipid bands at 1442 cm −1 (CH 2 bending) and 1655 cm −1 (C═C stretching) as well as the CH stretch region between 2800 and 3050 cm −1 can be observed.
The high background was successfully removed by the EMSC algorithm, using fluorescence signals as background components (for details see Sec. 2). Only 264 spectra out of the initial 4020 spectra were discarded during quality control, including 159 spectra due to such strong fluorescence background that no Raman information was retrievable. After preprocessing, HCA was performed, creating a cluster image with the corresponding cluster centroids (Fig. 2) . In total, five clusters were used to define the Raman image displayed in Fig. 2(a) as an overlay on top of the bright-field image.
The cluster centroids [ Fig. 2(b) ] are dominated by the aforementioned Raman bands of lipids and proteins at 1442 and 1655 cm −1 . The band at 1002 cm −1 can be assigned to ring breathing modes of phenylalanine. Difference can be seen in the lower signal-to-noise ratio of cluster 2 as compared to cluster 1 due to high-fluorescence contributions, which was successfully removed with the baseline algorithm but is clearly visible in the raw data. Although clusters 1 to 4 mainly contain features of proteins, considerable differences can be seen in bands associated to nucleic acids at 751, 1344, and 1581 cm −1 present in the cluster 1 to 3. The bands are most pronounced in cluster 2, indicating higher nucleic acid content. The bands at 861 and 1777 cm −1 in clusters 1 and 2 are indicative of a higher esterified lipid and phospholipid content. Contrarily, cluster 5 shows really intense bands at 1157 and 1524 cm −1 , which can be assigned to carotenoids, most likely lutein or zeaxanthin as being the most abundant carotenoids in the retina. A precise assignment is not straightforward due to their similar molecular structure. The image reveals that the orange cluster is concentrated in only a small area with a diameter of ∼0.6 mm. The size and elevated carotenoid content strongly suggests that this area is representing the fovea as part of the macula, a highly pigmented area near the center of the retina. After the drying process of the sample, the described area revealed yellowish discoloration, which was not visible in the moist state. Next to confocal Raman imaging, a 3-D OCT volume was recorded to demonstrate the increased diagnostic value of combining OCT as a structural method with Raman providing additional molecular information. The custom-designed swept source OCT system was specifically designed for ophthalmic diagnostics. 40 Figure 3 shows the correlation between these two techniques. Although the bright-field image does not show any structural differences [ Fig. 1(a) ], the aforementioned spot [orange cluster in Fig. 2(a) ] appears in the OCT projection view as a darker area, which might be due to the lower retinal tissue content indicative for the foveal region. However, only by adding the biochemical information of Raman spectroscopy, the molecular identification of a high carotenoid content is possible. The OCT depth B scans reveal that the typical layered structure of retinas, apart from spurious nerve fiber structures, was disturbed, possibly due to disintegration processes starting upon death.
For in vivo ophthalmic diagnostics of the retina, Raman imaging is not feasible. Due to the weak nonresonant Raman scattering process, the acquisition of an image takes up to several hours, e.g., the total acquisition of the retinal Raman image shown in Fig. 1(b) took about 6 h. Furthermore, certain criteria have to be considered for in vivo measurements in the human eye. As mentioned in Sec. 1, laser safety regulations have to be followed to ensure the safety of the patient. Considering the relevant laser safety standards, the strongest limitation is set by norm DIN EN ISO 15004-2 (2007), which defines the maximum exposure limit for ophthalmic instruments directly at the retina. A spectral weighting factor needs to be considered to account for absorption properties of the retina. In total, the effective exposure limit results in 1.4 mW excitation power for an excitation wavelength of 785 nm and a spot diameter of 100 μm. Although for such a configuration, the permissible exposure time of up to 5 min is rather long, the exposure time for in vivo measurements in the eye needs to be restricted to a fraction of a minute to minimize critical motion distortions and loss of fixation. Another factor to consider is that the eye itself is an optical system with predefined parameters. The axial length between cornea and retina is ca. 24 mm with a refractive power of the nonaccommodated eye of about 60 m −1 . This leads to an effective focal length of 22 mm, considering the refractive index of the ocular media to be about 1.34. To achieve the largest physical aperture, the pupil should be fully dilated, which can be induced, e.g. by tropicamide, and is routinely performed during eye examinations. The maximum pupil size then results in ca. 7 mm. With a collimated beam entering the pupil, a lateral spot size of 100 μm is considered to be present at the retina. This value results in a variable NA, which needs to be matched with the detection path and the spectrometer. The highest collection NA for the Raman photons provided by the geometry of the eye is 0.147. To simulate these optical parameters in the laboratory, an in-house built setup was designed, ensuring the aforementioned parameters. Figure 4 shows the designed probe and implemented device. It is based on fiber delivery of the excitation light and fiber collection for the Raman photons. The optical parameters of the fibers and lenses where adapted in order to achieve a spot size of 100 μm on the sample surface and matching the f# of the spectroscopy system while ensuring a collection NA of 0.147 for the objective lens. The specifications are provided in Fig. 4 and detailed in Sec. 2. Overall, the key differences of the in-house built setup compared to the commercial one used for Raman imaging (Fig. 1) are the reduced confocality and increased focal depth, the low collection NA of 0.147, and the relatively large detection spot size of 100 μm on the sample.
The in-house built setup was used to investigate the retina sample under in vivo-like conditions. To comply with the laser safety regulations, the laser power in the sample plane was set below the limit to 1 mW. Figure 5 (a) depicts the bright-field Fig. 3 (a) Bright-field image with overlaid Raman cluster image displayed in Fig. 2(a) image with the overlaid Raman cluster image of Fig. 2 with two spots in black and red marking the Raman measurement positions with the in-house built setup. These two spots were chosen in order to obtain spectra from an area with (black) and without (red) carotenoid contributions based on the previous Raman imaging results (see Fig. 2 ). The corresponding Raman spectra are shown in Fig. 5(b) as unprocessed means of three accumulations each recorded with 10 s integration time. Despite three accumulations, both mean spectra have a high noise level compared to the Raman signals, but still typical bands of retinal tissue at 1444 and 1657 cm −1 can readily be identified from the uncorrected spectra. Furthermore, the distinction between the two spectra based on the carotenoid bands at 1157 and 1524 cm −1 is still possible. The bands only appear in the black spectrum corresponding to the orange cluster of the confocal Raman image. The two mean spectra shown in Fig. 5(b) were both subjected to the same baseline correction as described above with an additional smoothing algorithm to further reduce the strong noise contributions. This preprocessing achieved an increase in spectral quality, and the main Raman bands are clearly retrieved [Figs. 6(a) and 6(b)]. Figure 6 provides a direct comparison of the two processed spectra (a) and (b) with spectra obtained under optimal conditions at the confocal imaging setup (c) and (d). To compare the obtained Raman information, the measurement spots used for the in-house built system were transferred to the Raman image and four neighboring spectra from the indicated region were extracted and averaged, covering an area of 5700 μm 2 , to match the area covered by the excitation spot size of 100 μm of the in-house built system. The spectra were processed with the same baseline and smoothing algorithm and normalized for a better visualization. The Raman spectra recorded under in vivo-like conditions using the in-house built system agree well with the results obtained under the optimal conditions using the confocal Raman imaging system. Certain deviations can be seen, which are likely due to the reduced confocality of the in-house optical setup, probing also other molecular contributions of the retina. 
Discussion
Using a Raman excitation wavelength of 785 nm, reliable nonresonant Raman spectra of human retinal tissue components were recorded. It was possible to remove the high-fluorescence background properly to retain high-quality Raman spectra with defined Raman bands. The excitation wavelength of 785 nm offers the best compromise between fluorescence suppression, due to an excitation away from an electronic transition, and acceptable signal levels although the intensities decrease with λ −4 . In the presented Raman image [see Fig. 2(a) ], a homogeneous distribution of proteins was found as well as the presence of esterified lipids and phospholipids. Since the commercial Raman system has a high confocality, mostly information of the top layers of the retina was collected. Due to the presence of nucleic acid bands, contributions of the inner nuclear layer are likely. Next to lipid and protein content, it was possible to also retrieve information of carotenoids under nonresonant excitation conditions. In many studies, information on the latter is the only information retrieved since the majority of Raman studies on retinas were performed under electronic resonant conditions in a lower wavelength region, i.e., using RRS. The nonresonant 785 nm excitation approach presented herein is uniquely qualified to detect concentration differences in organic material and hence can discern the carotenoid-rich fovea from the rest of the retina as the bands are easily seen in the corresponding orange cluster but not in the others. With RRS, this is, however, more difficult due to the specific and high enhancement of carotenoid bands even in areas with low carotenoid concentrations. Nonresonant Raman spectroscopy can, therefore, provide a much more comprehensive overview of critical components of human retinas and their biochemical composition, e.g., compositional changes in the fovea, resulting in a greater diagnostic value.
To the best of our knowledge, this is the first time that nonresonant Raman imaging was used to study human retina samples providing information about their molecular composition, i.e., lipids, proteins, and nucleic acids, and revealing highly localized macromolecular distribution of carotenoids. Raman imaging is not applicable for in vivo studies, due to the intrinsically weak process leading to long acquisition times to record an entire retina Raman image. A multimodal platform combining Raman spectroscopy with OCT can provide a multitude of advantages because OCT imaging can rapidly provide a structural overview and define interesting locations for a specific molecular profiling using nonresonant Raman spectroscopy, leading to a significant decrease of the acquisition time. To demonstrate the powerful combination of both modalities, OCT volumes on the same retina samples were recorded. The OCT projection view agrees well with the en face Raman image and further indicates that the localized carotenoid contribution seen in the Raman image represents the foveal region. However, the OCT depth B scans did not show the typical layered structure of retinas. This is most likely due to tissue disintegration during the relatively long period between occurrence of death and the time point at which the eye tissue was frozen. Disintegration processes in the eye start right after death, which causes the retina to spontaneously detach from the eyeball during dissection and thereby causes disturbances of its layered structure.
To validate the applicability of nonresonant Raman spectroscopy for the anticipated in vivo studies, measurement conditions were adjusted based on the predefined conditions faced when measuring in the eye. The strongest restrictions were set by the low collection NA of 0.147 and the low laser power of 1 mW. Still, Raman information of the retinal tissue can be recorded and the differentiation of the foveal region was possible. An averaging of three spectra each with 10 s integration time was chosen to keep motion distortions during in vivo studies to a minimum while still recording good signal intensities. To improve the comfort for patients, an averaging of multiple short measurements, rather than one extended integration, is favorable. The results from the in-house setup were compared with the conventional, confocal microscopy setup, providing comparable results. These findings clearly point out that even under significantly restricted conditions Raman information of human retina can be retrieved.
Conclusion
In contrast to previous studies, ours was able to obtain a comprehensive overview of the macromolecular information of human retinas. The nonresonant Raman spectroscopy approach identified not only carotenoids but also other molecular species (e.g., proteins, lipids, and nucleic acids) that are valuable for ophthalmic diagnostics. By developing a Raman setup, which mimics the optical parameters for the Raman signal collection of a human eye, it was also possible to acquire Raman spectra complying with international laser standards for permissible laser exposure to the human eye. The presented results strongly support that in vivo studies using nonresonant Raman spectroscopy for a molecular characterization of the human retina will be achievable. The findings also outline great potential for a combined OCT/Raman morpho-chemical characterization of human retina in new ophthalmological studies of age-related degenerative diseases. In ongoing studies conducted by the authors, fast OCT imaging is used to identify suspicious regions for subsequent in-depth molecular characterization using Raman spectroscopy. This multimodal combination will significantly extend currently available analytical methods in ophthalmology and allow the determination of novel biomarkers for retinal diagnostics.
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